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Abstract Disulfiram, a generic alcohol aversion drug, has

promising preclinical activity against glioblastoma (GBM).

This phase I study aims to evaluate its safety, maximum

tolerated dose (MTD), pharmacodynamic effect, and pre-

liminary efficacy when combined with adjuvant temozolo-

mide in GBM patients after standard chemoradiotherapy.

Patients received disulfiram 500–1000 mg once daily, in

combination with 150–200 mg/m2 temozolomide. A modi-

fied 3 ? 3 dose-escalation design was used to determine the

MTD. The pharmacodynamic effect of proteasome inhibi-

tion was assessed using fluorometric 20S proteasome assay

on peripheral blood cells. The MTD was determined based

on the dose-limiting toxicities (DLTs) within the first month

of therapy. Twelve patients were enrolled to two dose levels:

500 and 1000 mg. Two DLTs of grade 3 delirium occurred

after 15 days of administration at 1000 mg per day. Other

possible grade 2–3 DSF-related toxicities included fatigue,

ataxia, dizziness, and peripheral neuropathy. The toxicities

were self-limiting or resolved after discontinuing DSF. The

MTD was determined to be 500 mg per day. Limited pro-

teasome inhibition was observed at week 4 and showed an

increased trend with escalated disulfiram. Median progres-

sion-free survival with 500 mg of DSF was 5.4 months from

the start of disulfiram and 8.1 months from the start of

chemoradiotherapy. Disulfiram can be safely combined with

temozolomide but can cause reversible neurological toxici-

ties. The MTD of disulfiram with adjuvant temozolomide

appears to produce limited proteasome inhibition on

peripheral blood cells.
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Introduction

Glioblastoma multiforme (GBM, World Health Organiza-

tion/WHO grade IV) is the most common malignant pri-

mary brain tumor in adults and one of the most devastating

cancers [1]. Between 2004 and 2007, there were 37,690

patients newly diagnosed with GBM, with an estimated

incidence rate of three cases per 100,000 people in the

United States [2]. The current standard of care for GBM

includes maximal safe resection, radiation therapy (RT)

with concurrent temozolomide (TMZ), followed by adju-

vant TMZ. However, despite such multi-modality therapy,

the median survival is approximately 14 months, with a
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5-year survival of less than 10 % [3]. Thus, novel thera-

peutic approaches are desperately needed for this chal-

lenging disease.

Besides the aggressive and heterogeneous biology of

GBM, economical factors have also presented challenges

for advancing treatments. The expense of developing a new

oncology drug is approximately $1 billion and rising [4],

which translates to very expensive cost per patient, typi-

cally in the range of $5000–$10,000 per month, or

$50,000–$100,000 per course [5]. GBM is also considered

a rare disease by the FDA and an orphan disease by the

pharmaceutical companies, thus further limiting financial

incentive for drug development [6]. Therefore, there has

been growing interest to repurpose previously approved

non-cancer drugs as potential anti-cancer treatments,

which offers advantages of shorter development time,

lower research cost, and cheaper drug price [5]. One of the

most promising drugs to repurpose for treating GBM is

disulfiram (DSF) [7, 8]. DSF is a FDA-approved oral

medication that has been used for treating alcoholism since

1951. It inhibits aldehyde dehydrogenase (ALDH), which

leads to accumulation of acetaldehyde in the blood after

ingestion of alcohol. It has well-known safety profile for up

to 3000 mg per day in the absence of alcohol consumption,

well-established pharmacokinetics, and ability to readily

cross the blood–brain barrier (BBB) [9, 10]. Multiple

preclinical in vitro studies have demonstrated its promising

activity against glioma stem-like cells (GSCs) [11–13].

GSCs represent a subset of GBM tumor cells that have

been shown to be more resistant to RT [14]. In an unbiased

high-throughput screening of 2000 compounds using GSCs

from multiple GBM patients, DSF was identified to have

one of the most potent anti-tumor activity and appeared

relatively non-toxic to human neural stem cells [11]. DSF

also has synergistic activity when combined with TMZ and

is highly effective against TMZ-resistance cells [13].

Multiple studies have suggested the mechanism of DSF’s

anti-cancer property is due to inhibition of 20S proteasome

activity, which is dependent on complex formation with

copper (Cu) [11, 15, 16]. In vivo studies have also con-

firmed that DSF and Cu have synergistic effects with TMZ

and can improve survival of mice with orthotopic GBM

tumors [17, 18].

This is a report of the first clinical evaluation of DSF to

treat GBM based on an open-label, phase I, dose-escalation

pharmacodynamic study for newly diagnosed GBM

patients after standard chemoradiotherapy. The primary

objective of this study was to determine the safety and the

maximum tolerated dose (MTD) of DSF in combination

with adjuvant TMZ. Secondary objectives were to evaluate

the pharmacodynamic effect of proteasome inhibition and

to assess preliminary anti-tumor activity.

Materials and methods

Patient selection

Eligible patients were required to be age C18 years with

newly diagnosed GBM and were eligible to receive adju-

vant TMZ after completion of standard RT with concurrent

TMZ. Additional eligibilities included: Zubrod perfor-

mance score of 0–2, abstinence from alcohol consumption,

adequate bone marrow, liver, and renal functions (absolute

neutrophil count C1500 per cubic millimeter; platelet

C100,000 per cubic millimeter; total bilirubin B29 upper

limit of normal [ULN]; liver-function values \39 ULN;

and creatinine clearance [60 mL/min). Patients were

excluded if they had idiopathic seizure disorder, psychosis,

or schizophrenia. Medications with significant cyto-

chromes P450 enzyme activity and interaction with DSF

were not permitted. All patients gave written informed

consent. This study received Institutional Review Board

approval and was conducted in accordance with the Dec-

laration of Helsinki and good clinical practice. The use of

DSF for this study was granted exemption status by the

FDA. This trial is registered with ClinicalTrials.gov,

NCT01907165.

Study design

This was an open-label, single-arm, single-institution,

dose-escalation study of DSF in combination with adjuvant

TMZ in newly diagnosed GBM patients after standard

chemoradiotherapy. Adjuvant TMZ was administered for

six cycles as per routine clinical care, at a dosage of

150–200 mg/m2 daily on days 1–5 of every 28 day cycle.

DSF was administered orally once a day during adjuvant

TMZ (Fig. 1). The first dose level was initiated at 500 mg

per day, the upper limit of current FDA-recommended dose

for alcohol abstinence. Six patients per dose level were

planned to allow assessment of pharmacodynamic effects

and tolerability. Dose-escalation criteria of this study was

modified from the traditional 3 ? 3 design to account for

both dose-limiting toxicity (DLT) and proteasome inhibi-

tion (the hypothesized mechanism of action based on pre-

clinical data). Dose escalation was permitted only if no

more than one patient (\33 %) in the current dose level

experienced DLT and at least two patients had \90 %

proteasome inhibition. The rationale was if significant

target-specific action had been achieved, further dose-

escalation would not be necessary. Six patients were

allowed to enroll per cohort to allow an accurate estimate

of proteasome inhibition and because of the well-known

safety profile of DSF based on extensive clinical use since

1951. Patients were instructed not to take disulfiram within
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1 h of TMZ administration and to take it with food to

improve absorption.

Safety and response evaluation

Before study entry, all patients underwent physical exami-

nation, standard laboratory studies, and MRI of the brain.

Patients were seen monthly before the start of each cycle of

TMZ. Liver function tests including alanine aminotrans-

ferase (ALT) and aspartate aminotransferase (AST) were

evaluated monthly, and MRIs of the brain were performed

every 2 months or as clinically indicated. Tumor response or

progression was evaluated using the response assessment in

neuro-oncology (RANO) criteria [19]. A DLT was defined

as the occurrence of any of the following toxicities that were

possibly, probably, or definitely related to DSF within the

first 28 days of starting DSF: grade 4 neutropenia[21 days,

grade 4 thrombocytopenia[28 days, grade 3 or higher non-

hematological toxicities (excluding grade 3 fatigue and

myalgias, grade 3 nausea, or laboratory abnormalities that

resolved prior to the next cycle of TMZ). The MTD was

defined as the dose level immediately below the dose at

which at least two patients experienced DLTs. Patients were

evaluated for adverse events from the first dose of study

treatment until a 30-day follow up after the conclusion of

treatment or death. Toxicity was graded according to the

National Cancer Institute Common Terminology Criteria for

Adverse Events (NCI-CTCAE) version 4.0.

Pharmacodynamic analysis

Preclinical data indicate that the anti-tumor mechanism of

DSF is through inhibition of chymotrypsin-like 20S pro-

teasome activity [11, 15, 16]; this study was designed to

evaluate its pharmacodynamic effect on proteasome

activity in patients. Since repeated biopsies of GBM to

directly assess proteasome inhibition would be difficult,

peripheral blood cells were used as surrogate markers.

Blood samples were collected before the start of DSF, after

2 weeks, and after 4 weeks/before the second cycle of

TMZ (Fig. 1). Measurements of chymotrypsin-like 20S

proteasome activities were performed with fluorometric

20S proteasome assay as previously described using whole

blood lysate and fluorogenic substrate Suc-LLVY-AMC

[20], which has been tested extensively in clinical trials of

proteasome inhibitors for multiple myeloma [21, 22].

Statistical analysis

All continuous measurements were summarized by mean

(or median for non-normal data), SD, minimum, maxi-

mum. Categorical data were summarized by frequency

counts and percentages. Time to event was calculated with

two methods: from the start of DSF and from the start of

RT to allow comparison to historical data from randomized

trials. Progression-free survival (PFS) and overall survival

(OS) were estimated with Kaplan–Meier method. Signifi-

cance was defined as a P value B0.05. Statistical analyses

were performed with the Statistical Package for Social

Sciences, version 17.0 (IBM SPSS Statistics, Chicago, IL,

USA). Proteasome activity was normalized to baseline

activity and analyzed by Kruskal–Wallis test followed by

Dunn’s procedure for multiple pair-wise comparisons. All

statistical tests were two sided.

Results

Patient characteristics

A total of 14 supratentorial primary GBM patients were

enrolled from October 2013 to April 2015. Two patients

withdrew consent before the start of therapy, leaving 12

evaluable patients: seven patients at 500 mg per day and

five patients at 1000 mg per day. The first patient enrolled

to the second dose level was instructed to take 500 mg per

day by mistake and was therefore evaluated as part of the

first dose level. Only five patients were enrolled to the

second dose level due to DLTs. The baseline patient

characteristics are summarized in Table 1. The median age

was 57 (range 20–75). Two patients (17 %) had biopsy; 7

(58 %) had subtotal resection; 3 (25 %) had gross-total

resection. All patients completed standard RT of 60 Gy

with concurrent TMZ at 75 mg/m2. Four patients (33 %)

had O6-methylguanine-DNA methyltransferase (MGMT)

promoter methylation.

Fig. 1 Schema. Abbreviations

GBM, glioblastoma; RT,

radiation therapy; TMZ,

temozolomide

J Neurooncol (2016) 128:259–266 261

123



Safety and maximum tolerated dose

None of the seven patients in the 500 mg cohort had DLTs,

though two of them (29 %) had possible grade 3 DSF-

related toxicities of delirium and peripheral motor neu-

ropathy after the first month (after 55 and 80 days,

respectively) that prompted discontinuation of the drug.

The other patients were removed from the study due to

unrelated toxicities or tumor progression. Two of the five

patients in the 1000 mg cohort had DLTs. Both were grade

3 delirium and occurred after 15 days of DSF. The study

was halted for further enrollment. As per protocol design,

the MTD of DSF in combination with adjuvant TMZ was

determined to be 500 mg per day. Two other patients in the

1000 mg cohort discontinued DSF due to grade 2–3 ataxia

(after 15 and 33 days, respectively) that did not improve

with a brief trial of dose reduction. The duration of DSF

and the reasons for discontinuation are summarized in

Table 2. The treatment-related toxicities were mostly

neurological and included fatigue, delirium, ataxia, dizzi-

ness, and peripheral motor/sensory neuropathy. The toxi-

cities were self-limiting or resolved within 30 days after

discontinuing DSF. The grade 2–3 toxicities that were

possibly/probably related to DSF are summarized in

Table 3. Grade 2–3 adverse events that were assessed to be

unlikely related to DSF are provided in Supplementary

Table 1S. They were mostly hematological toxicities

related to TMZ (lymphopenia, anemia, or thrombocytope-

nia) or symptoms related to tumor progression (ataxia,

urinary incontinence, or seizure). There were no grade 4–5

adverse events.

Proteasome inhibition

All 12 patients were analyzed for chymotrypsin-like 20S

proteasome activity in whole blood lysates. Three of five

patients in the 1000 mg cohort completed only 2 weeks of

DSF and were evaluated only for their week 2 proteasome

activities. At week 2, there was little to no proteasome

inhibition detected with either dosage compared to that of

pretreatment baseline but rather a trend toward slightly

increased activity (Fig. 2). At week 4, there was a trend

toward inhibition of proteasome activity compared to that

of baseline, where 500 mg of DSF was associated with a

mean decrease of 5 % (SD 12 %) in proteasome activity

and 1000 mg of DSF with a mean decrease of 11 % (SD

23 %) (Fig. 2).

Preliminary efficacy

In this study, the value of radiographic response is limited

as the relative contributions of RT and TMZ cannot be

Table 1 Patient characteristics
All (n = 12) DSF 500 mg (n = 7) DSF 1000 mg (n = 5)

Duration of DSF (days) 40 (15–165) 55 (24–165) 15 (15–33)

Age (range) 57 (20–75) 64 (40–67) 55 (20–75)

Zubrod score

0 2 (17 %) 2 (29 %) 0

1 10 (83 %) 5 (71 %) 5 (100 %)

Sex

Male 7 (58 %) 5 (71 %) 2 (40 %)

Female 5 (42 %) 2 (29 %) 3 (60 %)

Race

White 11 (92 %) 6 (86 %) 5 (100 %)

Black 1 (8 %) 1 (14 %) 0

Surgery

Biopsy 1 (8 %) 1 (14 %) 0

Biopsy/LITT 1 (8 %) 1 (14 %) 0

STR 6 (50 %) 3 (43 %) 3 (60 %)

STR/BCNU wafer 1 (8 %) 0 1 (20 %)

GTR 3 (25 %) 2 (29 %) 1 (20 %)

MGMT methylation

Yes 4 (33 %) 2 (29 %) 2 (40 %)

No 7 (58 %) 4 (57 %) 3 (60 %)

Unknown 1 (8 %) 1 (14 %) 0

DSF disulfiram, LITT laser interstitial thermal therapy, STR subtotal resection, BCNU carmustine, GTR

gross total resection, MGMT O6-methylguanine-DNA methyltransferase promoter
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distinguished. Before study registration, the majority of the

enrolled patients (58 %) had stable disease, four patients

(33 %) had possible pseudoprogression, and one patient

(patient #2, Table 2) had progression with leptomeningeal

dissemination. At 2 months from starting DSF, eight

patients (67 %) had either stable disease or partial

response. At the time of analysis, the median follow-up

time is 6.9 months (range: 2.7–24.3) with at least 6 months

of follow-up for all living patients. Six of seven patients

from the 500 mg cohort had progressed, and 3 of 5 patients

from the 1000 mg cohort had progressed. Four patients

have died, all from the 500 mg cohort. When measured

from the start of DSF, the median PFS and OS for the

500 mg cohort were 5.4 months (95 % CI 0–14.8) and

12.1 months (95 % CI 2.2–22.0), respectively; 3.1 months

(95 % CI 0–6.7) and not reached (NR) for the 1000 mg

cohort, respectively. If calculated from the start of RT, the

median PFS and OS for the 500 mg cohort were

8.1 months (0–17.3) and 14.7 months (95 % CI 4.9–24.5),

respectively; 5.4 months (2.5–8.4) and NR for the 1000 mg

cohort, respectively.

Discussion

This phase I, dose-escalation study evaluated oral DSF in

combination with adjuvant TMZ for newly diagnosed

GBM patients who had completed RT and concurrent

TMZ. To our knowledge, this clinical trial is the first to test

DSF as an anti-cancer treatment for GBM. Oral once daily

administration of DSF in combination with TMZ demon-

strated an acceptable safety profile in patients with GBM.

Table 2 Duration of disulfiram (DSF) and reason for discontinuation

# DSF dose

(mg)

DSF duration

(days)

Reason for DSF discontinuation

1 500 81 Unrelated toxicity (Parkinsonian symptoms from levetiracetam)

2 500 24 Unrelated toxicity (TMZ-induced thrombocytopenia) and tumor progression. This patient had

leptomeningeal progression before registration. DSF and the second cycle of TMZ was held initially due

to thrombocytopenia, and then he progressed 1 month later

3 500 47 Tumor progression

4 500 165 Tumor progression

5 500 55 Toxicity (grade 3 delirium)

6 500 52 Tumor progression

7 500 80 Toxicity (grade 3 peripheral motor neuropathy)

8 1000 31 Tumor progression

9 1000 33 Toxicity (grade 3 ataxia which did not improve with a trial of dose reduction)

10 1000 15 Toxicity (grade 3 delirium)

11 1000 15 Toxicity (grade 3 delirium)

12 1000 15 Toxicity (grade 2 ataxia which did not improve with a trial of dose reduction)

Table 3 Disulfiram-related

toxicities
DSF 500 mg (n = 7) DSF 1000 mg (n = 5)

Grade 2 Grade 3 Grade 2 Grade 3

Ataxia 1 (14 %) 0 2 (40 %) 1 (20 %)a

Delirium 0 1 (14 %)a 2 (40 %) 2 (40 %)b

Dizziness 1 (14 %) 0 1 (20 %) 0

Fatigue 3 (43 %) 0 1 (20 %) 0

Peripheral motor neuropathy 0 1 (14 %)a 1 (20 %) 0

Peripheral sensory neuropathy 2 (29 %) 0 1 (20 %) 0

Grade 2–3 adverse events according to the Nation Cancer Institute Common Terminology Criteria for

Adverse Events (NCI-CTCAE) version 4.0 that were possibly or probably related to disulfiram (DSF) and

that were not present at baseline
a Not dose-limiting toxicity (DLT) as occurred after the first month of DSF
b Dose-limiting toxicity (DLT) as occurred within the first month of DSF
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The DLTs occurred at 1000 mg per day, and the MTD of

DSF in combination with adjuvant TMZ was determined to

be 500 mg per day. Most common limiting toxicities were

reversible neurological toxicities and included delirium,

ataxia, and neuropathy. The pharmacodynamic effect of

DSF on proteasome inhibition appeared to be limited, at

least when using peripheral blood cells as surrogates and

without concurrent Cu administration.

DSF-related toxicities in this study are mostly neuro-

logical and are consistent with other phase I studies.

Although neurological toxicities can be difficult to distin-

guish from tumor effect, the DSF-related neurological

toxicities occurred in the absence of radiological progres-

sion and showed dramatic increase in severity and shorter

time of onset with increasing DSF dose. Schweizer et al.

conducted a phase I study of 250–500 mg of DSF alone in

19 prostate cancer patients, and they also observed ataxia,

dizziness, neuropathy, and fatigue [23]. Stewart et al.

conducted a phase I study that administered a single dose

of oral DSF prior to cisplatin every 3 weeks, and dose-

limiting reversible confusion occurred at 3000 mg/m2

(approximately 4800 mg) [24]. High doses of DSF may

inhibit cerebrospinal dopamine B-hydroxylase [25], and

people with very low activity of dopamine B-hydroxylase

may be more prone to transient psychosis with such

inhibition [26]. Our data suggest that continuous daily

administration, intracranial GBM, and additive effect of

TMZ may further increase susceptibility to such neuro-

logical effect. The neurological toxicity profile of DSF

provides indirect evidence that DSF crosses the BBB.

Nechushtan et al. have recently reported their preliminary

results of a randomized phase IIb study of cisplatin/vi-

norelbine with and without DSF for metastatic non-small

cell lung cancer. They did not report any significant neu-

rological toxicity except fatigue, but the dosing of DSF was

40 mg three times per day (TID). Given the half-life of

DSF is approximately 7 h [27], TID administration may

improve its efficacy as anti-cancer therapy while reducing

its toxicity. Further investigation of the TID dosing

schedule is warranted, which our group is currently

developing.

Although previous preclinical studies have suggested

proteasome inhibition as the mechanism of DSF’s anti-

cancer property [11, 15, 16], this study represents the first

attempt to validate it in patients using peripheral blood

cells as surrogate markers. At the MTD of 500 mg per day,

only minimal proteasome inhibition was observed after

4 weeks, a mean reduction of approximately 5 %. How-

ever, there appeared to be a trend toward dose–response

with escalating DSF, with doubling of proteasome inhibi-

tion at 1000 mg per day (Fig. 2). The limited proteasome

inhibition may be due to lack of concurrent Cu adminis-

tration [11, 12] or possible differential effect of DSF on

normal tissue versus tumor [11]. Furthermore, other

mechanisms may also be responsible for the anti-tumor

property of DSF, such as ALDH inhibition [28, 29] or

generation of intracellular reactive oxygen species (ROS)

[12]. To address these questions, our group has developed

follow-up studies to administer DSF concurrently with Cu

and to directly assess proteasome inhibition in GBM

tumors by administering DSF before surgery.

Given this is a small phase I study, secondary endpoints

such as PFS only serve to provide preliminary signal for

possible efficacy of DSF and should be interpreted with

caution. During the enrollment period, there were also

multiple competing phase III vaccination trials at our

institution that preferentially selected for patients who had

greater extent of resection or favorable response to

chemoradiotherapy. Therefore, the patients from this trial

were negatively selected as they did not qualify for the

more stringent trials. Since this is a phase I study, we also

did not exclude those who had shown possible or definitive

tumor progression after chemoradiotherapy. Nevertheless,

the median PFS from the start of RT for the seven patients

who were treated at the MTD was 8.1 months, which

compares favorably to the historical data of standard RT

plus TMZ from randomized studies: 6.9 months (95 % CI

5.8–8.2) in the Stupp study [3], 5.5 months (95 % CI

Fig. 2 The effect of disulfiram (DSF) dosage and duration on

proteasome activity. Chymotrypsin-like 20S proteasome activities of

patients taking 500 mg per day (solid columns) and 1000 mg per day

(striped columns) were measured at baseline, after 2 weeks, and after

4 weeks of treatment. Proteasome activities were measured using

fluorogenic substrate Suc-LLVY-AMC in whole blood lysates and

normalized to pretreatment baseline value. Columns and error bars

represent the mean and SD, respectively. P values were determined

using the Kruskal–Wallis test and compared to the corresponding

baseline activity
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4.7–6.1) in RTOG 0525 [30], and 7.3 months (95 % CI

5.9–7.9) in RTOG 0825 [31]. Although small number of

patients and relatively short follow-up prevent any con-

clusion regarding the efficacy of the regimen, these pre-

liminary findings are encouraging and support further

investigation to study DSF.

In summary, this phase I study of daily DSF in combi-

nation with adjuvant TMZ in newly diagnosed GBM

patients after standard chemoradiotherapy has established

the MTD as 500 mg per day. The combination has an

acceptable safety profile and produces promising PFS. It

can cause reversible neurological toxicities such as delir-

ium, ataxia, and neuropathy. In the absence of concurrent

Cu administration, DSF produced limited proteasome

inhibition on peripheral blood cells. Given the devastating

outcomes of GBM and the enormous economical advan-

tages of repurposing DSF, our findings support continued

clinical trial development of DSF. In future directions, our

group is currently developing additional clinical trials to

combine DSF with concurrent Cu administration, to test the

TID dosing regimen of DSF, and to administer DSF before

surgical resection of GBM to allow direct assessment of

intratumoral drug concentration, proteasome inhibition and

other potential mechanisms of action. The results of these

studies will clarify the questions generated from this study

and further explore the potential of repurposing DSF to

treat GBM.
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